ABSTRACT
INTRODUCTION
In the rapidly growing field of molecular phylogeny, population and evolutionary genetics, there is a great demand for simple and unifying procedures for extraction of polymerase chain reaction (PCR)-ready DNA from diverse organisms and tissues. Many protocols still include hazardous, time-consuming and laborious purification steps with organic solvents like phenol/chloroform (15, 16) . However, some specialized procedures (i.e., optimized for a limited number of tissues or species) involve only lysis of cells, dilution of the lysate and then subsequent PCR amplification (2, 9) . Previously, magnetic particles were used as solid supports for ethanol or polyethylene glycol (PEG) precipitation of DNA from bacterial lysates, e.g., plasmids, cosmids and phage DNA (7, 14) . Most of the commercial products available are either affinity column-based or dependent on precipitation steps. Recently, a magnetic beadbased kit for rapid DNA isolation from human/mammalian blood, cell cultures and bone marrow was developed (Dynabeads ® DNA DIRECT ™; Dynal A.S., Oslo, Norway). With this system, the process of DNA isolation relies upon cell lysis with a detergent and subsequent adsorption of the released DNA (in one step) to monodisperse magnetic beads in the presence of the detergent. The adsorbed DNA is purified through a few washing steps while bound to the beads. Since the DNA has not been precipitated onto the beads and since the beads do not interfere with PCR amplification, the Dynabeads/DNA complex can be used directly in PCRs. For blood and bone marrow, this system is robust and reproducibly yields PCR-ready DNA in less than ten minutes (according to the manufacturer). In this report, we have tested the applicability of the system on diverse organisms (bacteria, fungi, algae, vascular plants and vertebrates) and tissues (fish epithelium, plant leaves, mammalian liver and muscle, fungal fruit-bodies and mycelium) with the aim of producing a general approach for the purification of PCRready DNA.
MATERIALS AND METHODS

Biological Material
The species and tissues tested are listed in Table 1 . E. coli and Bacillus cereus were grown overnight at 37°C in LB (15) . Agrobacterium tumefaciens was grown in YEB medium (15) for about 40 h at 28°C. Cyanobacteria and Prochlorothrix hollandicawere cultured in NIVA medium I (13) for 14 days at 18°C, using an illumination of 25 µ Em -2 s -1 . Agar plates containing 2% malt extract and incubated for 14 days at room temperature supported mycelium growth. Fungal fruit-bodies were collected in the field (Oslo, Norway). Bakers yeast Saccharomyces cerevisiaewas obtained from a commercial supplier (Idun A.S., Oslo, Norway). The different algal species were cultured under illumination in IMR medium (5) bacteria and fungi heating to 65°C for 15 min, for plants homogenization in liquid nitrogen, then heating to 65°C for 15 min. Approximate DNA yield relative to standard phenol/chloroform isolation (see Materials and Methods). +++: >80%; ++: 10%-80%; +: <10%; nm: not measured. c Gen., genomic; Org., organelle; for alga and plant chloroplasts, for vertebrate mitochondria. d S, PCR on DNA isolated with standard protocol; M, with a modified protocol. ++: strong PCR product; +: weak PCR product. For each PCR, 3%-5% of isolated DNA was used. e Both nuclear and organelle DNA were amplified. Bacteria (2 ×10 7 to 2 ×10 8 cells) were pelleted in a microcentrifuge (Model 2231M; Hermle GmbH, Goshe, Germany) at 5000 rpm for 5 min. Cell numbers of E. coli , B. cereusand A. tumefaciens were determined by plating serial dilutions on agar plates. Cyanobacteria were counted by microscopy in a Fuchs-Rosenthal counting chamber (Karl Hecht, Sondheim, Germany). Algal cultures (about 5 ×10 5 cells, counted in a Fuchs-Rosenthal counting chamber) were concentrated by centrifugation at 7500 × gfor 5 min. About 1-3 mg air-dried and 3-20 mg fresh fungal fruit-bodies, 1 mg wet weight S. cerevisiae , 30-100 mg young plant leaves, 50-100 mg perch fins, 10 --50 mg liver material and 10-50 mg muscle tissue were used in each DNA isolation. Perch fins, liver and muscle tissue were conserved in 96% ethanol. Mycelium was isolated by scraping the surface of agar plates with a spatula. Because of agar contamination of the material, the exact weight of the mycelium was not determined.
Multicellular tissues with rigid cell walls were mechanically broken to increase DNA yield. Fungal fruit-bodies were ground with a forceps for about 2 min. Plant leaves were homogenized for 2 min in liquid nitrogen with a pestle in a microcentrifuge tube (Kontes Scientific Instruments, Vineland, NJ, USA).
DNA Isolation
Magnetic bead-based DNA isolation method.Dynabeads DNA DI -RECT, 200 µ L, was added to an appropriate amount of sample (see Results and Discussion) and mixed gently, then incubated at room temperature for 5 min. DNA bound to magnetic beads was drawn to the wall of the microcentrifuge tube by a magnet (MPC ® -E, Dynal A.S.) for 90 s. The supernatant, containing PCR inhibitors such as detergent and cell debris, was carefully removed without disrupting the Dynabeads/DNA complex. The sample was washed twice with a washing buffer (buffer 2 from the kit) supplied with the kit, using the magnet between each washing. Finally, the Dynabeads/DNA complex was broken up by thorough resuspension in 40 µ L TE (buffer 3 from the kit). The purified DNA was eluted at 65°C for 5 min. The beads, now released from the DNA, were collected with the magnet, and the DNA-containing supernatant was transferred to a fresh tube. Alternatively, the Dynabeads/DNA complex can be used directly for PCR amplification. To increase the DNA yield for plants and some bacteria, the mixture of beads and sample was pre-incubated at 65°C for 15 min before proceeding with the protocol described above.
Phenol/chloroform-based methods. Algal, vertebrate and bacterial DNA were isolated with the protocol described by Sambrook et al. (15) . Cyanobacteria and algae were homogenized with alumina type A-5 (Sigma Chemical, St. Louis, MO, USA) before isolation to ensure complete lysis. Plant and fungal DNA were isolated with the protocol described by Scott and Bendich (16) .
Quantification.DNA yield was quantified by electrophoresis in 1.5% agarose gels containing 0.6 µ g/mL ethidium bromide (EtdBr), visualized by UV transillumination. More accurate measurements were done by fluorescence spectroscopy (Hitachi Model F-4500; Tokyo, Japan) of DNA stained with Hoechst 33258 (Hoechst AG, Frankfurt am Main, Germany).
PCR Amplification and Sequencing
The reproducibility of the DNA isolation and the subsequent PCR amplifications were checked by parallel isolations, serial dilutions and multiple PCR assays from the same specimen. DNA isolation reagents and PCR reagents were checked for PCR cross contamination in each separate experiment. All PCRs were performed in a GeneAmp ® PCR System 2400 (Perkin-Elmer, Norwalk, CT, USA). PCR volumes were 50 µ L and contained 10 pmol primers, 200 µ M dNTP, 10 mM Tris-HCl (pH 8.8), 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton ® X-100, 1 U DynaZyme ™ Thermostable DNA Polymerase (Finnzymes Oy, Espoo, Finland) and 0.1-5 µ L of isolated DNA.
All PCRs were started with a DNA denaturation step at 94°-97°C for 3-5 min and ended with an extension for 5-7 min at 72°C. The number of cycles was between 30 and 35. Bacteria and algae. Primers CC 5 ′ -TGTAAAACGACGGCCAGTCCAG-ACTCCTACGGGAGGCAGC-3 ′and CD 5 ′ -CTTGTGCGGGCCCCCGTC -AATTC-3 ′ were designed to amplify the 16S rDNA region corresponding to E. coli base 334 to base 939 according to IUB numbering (3) from bacteria and algal chloroplasts. CC has a 5 ′ end complementary to -21 M13 universal primer, making it suitable for automated sequencing. A two-step amplification consisting of 96°C for 15 s and 70°C for 2 min was used. Algal genomic 18S rDNA was amplified with the primers A and B described by Medlin et al. (12) .
Fungi. A region of approximately 600 bp 18S rDNA was amplified from fungal genomic DNA with the primers NS3 and NS4, as described by White et al. (17) .
Vascular plants. The trnLgroup I intron in chloroplasts was amplified with the primers C and D, as described by Fangan et al. (6) . An 800-bp region of barley gene B15C (1) was amplified using the primers 5 ′ -CGGGATCC -CGTCATCCTCTTCTCGCACCCC-3 ′ and 5 ′ -GGAATTCCCTTCTTGGAG-GGCAGGTCGGCG-3 ′ , with the cycling parameters 30 s at 94°C, 30 s at 60°C and 1 min at 72°C. Arabidopsis B15C homologue (EMBL Accession Nos. z37278 and z37279) was amplified with the primers 5 ′ -CGGGATCC -CTAGGAGACACGGTGCCG-3 ′and 5 ′ -GGAATTCGATCGGCGGTCTTG-AAAC-3 ′ . The cycling parameters were the same as for barley B15C, except for annealing at 59°C.
Vertebrates. Perch mitochondria Dloop, 800 bp, was amplified with the primer HV2 (8) and the primer CSB3 5 ′ -TATTCCTGTTTCCGGGG-3 ′ (C.L. Nesbø and K.S. Jakobsen, unpublished results). Cycling parameters were 1 min at 96°C, 2 min at 52°C and 2 min at 72°C. Mammalian mitochondrial Dloop was amplified with primers similar to human primer positions L15995 and H16400, with the cycling parameters 30 s at 93°C, 30 s at 61°C and 90 s at 94°C.
Sequencing. PCR products were se - thaliana leaves. The DNA isolations were performed with the standard protocol (as described in Materials and Methods) except for plant leaves, which were ground in liquid nitrogen and heated to 65°C for 15 min, followed by the standard protocol. For bacteria, 3% of the isolated DNA was PCR-amplified; for the other samples, 5%. 16S rDNA PCR products are shown for algal chloroplast and bacteria. From fungal and algal nucleic DNA, 18S rDNA was amplified. Amplifications of the group I intron in the chloroplast trnLgene and parts of the nuclear B15C gene are shown for plants. The negative controls are PCR performed on samples without DNA (prepared the same way as the DNA isolations).
RESULTS AND DISCUSSION
The objective of this work was to develop an approach that can be applied to any species or tissue, with as little modification as possible in each case.
Bacteria
Gram-positive ( Bacillus ), gram-negative ( Agrobacteriumand E. coli ) and photosynthetic (cyanobacteria and Prochlorothrix ) bacteria were tested. Several types of bacteria have rigid capsules, in addition to the peptidoglycan layers, that cause problems during cell disruption and DNA isolation. This is the case with some filamentous species of the cyanobacterial genus Oscillatoria(including Planktothrix ) (4), which we have chosen to test here.
For the bacteria tested, the standard protocol gave a DNA yield in the range 20-250 ng/10 7 cells ( Figure 1A) , which is 20%-100% relative to the phenol/ -chloroform-based isolations (Table 1) . For some cyanobacteria, however, there was a substantial increase in DNA yield by incubating the sample with the DNA DIRECT mixture at 65°C for 15 min, before proceeding with the standard protocol. DNA isolation from the cyanobacterial species Planktothrix agardhiiNIVA-CYA 29 and Microcystis aeruginosaNIVA-CYA 228/1 (2 × 10 7 cells for both) gave, using the standard protocol, DNA yields of 450 and 500 ng, while the modified protocol gave yields of 1250 and 1450 ng, respectively (equal to the phenol/chloroform isolations). The E. coli strain tested, which gave excellent yield with the standard protocol, also contained a plasmid, which is seen as a band at 2.3 kb (Figure 1A) .
A 600-bp 16S rDNA fragment was PCR-amplified using the primers CC and CD (see Materials and Methods). In most cases 5% of the isolated DNA gave reproducible amplifications. The DNA DIRECT system is designed for isolating up to 500 ng DNA per sample test (DNA from 10 µ L blood). Overloading the beads with more than 1000 ng per sample test resulted, in some cases, in an inhibitory PCR effect. These PCR inhibitions, however, were always resolved by diluting the samples about one to 10 using 0.5% of the isolated DNA per reaction. Some of the DNA isolations also contained RNA, but this did not seem to have any effect on the PCR amplification.
Fungi
Fungal cell walls consist chiefly of the polysaccharides chitin and β -1,3-glucans. Mechanical treatment was required to break the cell walls. There were no significant differences in DNA yield between the standard protocol (with an extended incubation at room temperature for 15 min) and the protocol involving heating to 65°C for 15 min ( Table 1 ). The DNA yield from dried fungal fruit-bodies was 200-400 ng/mg tissue, while fresh fruit-bodies gave 50-100 ng/mg wet weight tissue ( Figure 1B ). Relative to phenol/chloroform-based isolations, the yields were about 100% and 40%, respectively. Mycelium gave low DNA recovery, probably due to the small amounts of tissue (visual estimate) used for the DNA isolation. The DNA yield for yeast ( S. cerevicae ) was low (<50 ng/mg yeast cells), using both the standard and the heating protocol. Mechanical, chemical or enzymatic digestion of the cell wall is probably required for higher DNA yield.
Fungal polysaccharides are potent PCR inhibitors. The quality of the DNA was checked by amplifying a 600-bp 18S rDNA region. In most cases, good amplifications were obtained from 5% of the isolated DNA (Table 1 and Figure 1B) . However, overloading one sample test with more than 500 ng of DNA resulted, sometimes, in an inhibition of the PCR amplification. A 1/50 dilution (0.1% of the isolated DNA per PCR) solved this problem, resulting in reproducible amplification.
Algae and Vascular Plants
The most common microfibrillar component of algal cell walls is cellulose. The cell wall of the red alga Ceramium strictumconsists of additional polysaccharide layers. All algae tested gave DNA yields in the range 100-200 ng/10 5 cells (50%-100% relative to phenol/chloroform-based isolations), by using the standard protocol (Table 1 and Figure 1C) . No additional treatments were required.
Plant leaves consist of rigid material, such as cellulose and lignin. Homogenization of the leaves in liquid nitrogen was necessary to obtain DNA amounts in the range 200-1000 ng/100 mg tissue. The heating protocol (65°C, 15 min) gave the best results, with yields 20%-100% relative to phenol/ chloroform-based isolations (Table 1 and Figure 1D ).
Vascular plants and algae contain potential PCR-inhibitory polysaccharides as well as other inhibitory compounds such as polyphenols. For algae and plants, both genomic and chloroplastic DNA were amplified. There was no PCR inhibition with 5% of the isolated DNA per reaction. In general, we reproducibly obtained strong PCR signals both for plant and algae genomic and chloroplast DNA (Figure 1, C and  D) . For the dinoflagellate species Gyrodinium aureolum and Scripsiella trochoidea , some faint low molecular weight products appeared, which were probably due to mispriming. The strong bands with the expected molecular weight are amplified 18S rDNA.
Vertebrates
In addition to blood samples, several tissues are commonly used for DNA isolation from vertebrates. We isolated DNA from fish epithelium by using the standard protocol on whole fins from perch. A high DNA yield (200-400 ng/ 100 mg tissue), 80%-100% relative to phenol/chloroform isolations, was reproducibly obtained (Table 1) . DNA was also successfully isolated from other tissues such as liver (arctic fox) and muscle tissue (lynx and arctic fox) by using the standard protocol.
Mitochondrial D-loop PCR amplification, widely used in population studies, was chosen here as control of the DNA quality. Of the isolated DNA, 1% could be used without interfering with the PCR amplification.
Simple and General Protocol Yielding PCR-Ready DNA
We have shown that our method gives reproducible isolation of DNA suitable for PCR from all organisms and tissues tested. Each DNA isolation never exceeded 30 min (including all lysis steps), and several samples were done in parallel with little increase in processing time. The PCR products were directly sequenced easily by manual solid-phase DNA sequencing (11), or by dye primer cycle sequencing using a Model 373A DNA Sequencer. Typically, 350-500 bases could be resolved with 99% or higher accuracy.
The optimal amount of cells/tissue gave a DNA yield of about 300 ng/200 µ L beads. The protocol generates sufficient DNA to give strong and reproducible amplifications, even in cases where the DNA is undetectable on agarose gels (<50 ng per isolation). The main reason for the low DNA yield was incomplete lysis resulting from difficulties in breaking the cell walls. Overloading the beads with more than 500 ng per isolation seemed to result in reduced purity of the DNA. However, by diluting these DNA samples 10-50 times (using 0.1%-0.5% of the isolated DNA per reaction), strong PCR product bands were always obtained. Preferably, less sample can be used per DNA isolation, giving yields between 100-500 ng DNA.
The protocol requires only a magnet and a heating block. The approach can be further simplified by omitting the elution step and, instead, adding the Dynabeads/DNA complex directly to the PCR. Since the space required for this type of DNA isolation is small, it should be easy to dedicate a space in the laboratory for DNA isolation to avoid cross contamination and ensure optimal PCR results. The simplicity of the isolation protocol allows for high throughput of samples. This is a necessity for molecular population studies and evolutionary/phylogenetic studies.
There are no centrifugation steps or other steps difficult to automate. A robotic manipulation system for DNA bound to magnetic beads has been tested for blood cells (10) . Work is also in progress adapting a robotic DNA extraction system for the types of material tested here.
